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Top Quark in the Standard Model 

2011/9/29 Fermilab W&C Seminar, Z. Ye 3 

}  Weak isospin partner of b quark, spin=1/2, charge=+2/3. 
}  Heaviest (~175 GeV) fundamental particle discovered so far.  
}  Yukawa coupling 0.996±0.006.  A special role in EWSB ? 
}  Lifetime (~10-24s) <<1/ΛQCD, decays before hadronization. 
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}  Weak isospin partner of b quark, spin=1/2, charge=+2/3. 
}  Heaviest (~175 GeV) fundamental particle discovered so far.  
}  Yukawa coupling 0.996±0.006.  A special role in EWSB ? 
}  Lifetime (~10-24s) <<1/ΛQCD, decays before hadronization. 

Is the top quark 
“standard”? 



A Bit History on Top Quark 
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•  1976: discovery of the bottom quark at Fermilab suggested the 
existence of the top quark 

•  1984: PETRA mt>23.3 GeV 
•  1988: UA1 mt>44 GeV 
•  1990: TRISTAN mt>30.2 GeV 
             SLC mt>40.7 GeV 
             LEP mt>45.8 GeV 
             UA1 mt>60 GeV 
             UA2 mt>69 GeV  
•  1992: CDF mt>91 GeV 
•  1994: DØ mt>128 GeV 
•  1994: evidence of top quark from CDF 

C.Quigg 

EW Fit 
CDF D0 
Tevatron 



A Bit History on Top Quark 
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1995 Feb --- discovery of top quark 
reported by CDF & DØ in Tevatron  
Run I (1992-1996). 
 
•  CDF(67 pb-1) :  
 mt=176±13 GeV, σ=6.8+3.6

-2.4 pb, 
 observed 19 events, expected 6.9 bkg,  
 bkg-only hypothesis rejected at 4.8σ 
 
•  D0 (50 pb-1): 
 mt=199±30 GeV, σ=6.4±2.2 pb, 
 observed 17 events, expected 3.8 bkg,    
 bkg-only hypothesis rejected at 4.6σ 



Where Are We Now? 
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Many thanks to Accelerator 
Division! 

1200 top events in 
this channel alone 

Tevatron Run II 2001-2011 

l+jets 
no b-tag 



Top Quark Physics 
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Top Quark Physics 
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… … 



Outline 
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}  Introduction 
 
}  Precision measurement of the top-quark mass 

}  lepton+jets channel 
}  dilepton channel 

}  Top-antitop quark mass difference  

}  Summary and outlook 



Top-Quark Mass 
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•  New physics might affect the top-quark mass measurement 
differently in different top quark final states.  

•  Top mass is a free parameter in the SM. 
•  Top and Higgs masses enter in the radiative 

correction to the W mass. Knowing top and 
W masses constrains Higgs mass. 



Top-Quark Production and Decay 
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Tevatron RunII: σ(mt=173 GeV) ~7.5 pb, 85% qqbar annihilation, 15% gg fusion 

Standard Model:  Γt~1.4 GeV,  BR(tèW+b)~100%  



Top-Quark Production and Decay 
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lepton+jets: 
 
   dilepton: 
 
all hadronic:  

tt! lvqq 'bb

tt! ll 'vv 'bb

tt! qq 'q"q"'bb

(lepton refers to electron and muon.) 



Top-Quark Final States 
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Final state may include: 
    electron, muon, 
   neutrino, and jets. 

jet: narrow cone (R=0.5 for these 
analyses) of hadrons and other 
particles produced by quarks or 
gluons through parton showering 
and fragmentation. 



DØ Detector 

2011/9/29 Fermilab W&C Seminar, Z. Ye 15 

Tracker (2T Solenoid):  
•  silicon microstrip tracker 
•  scintillator fibre tracker 
 
Calorimeter: 
•  liquid Ar+Uranium 
 
Muon system (1.8T Toroid): 
•  drift tubes 
•  scintilation counters 

Tracker 

! = ! ln tan " 2( )"# $%



DØ Calorimeter 
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Based on the fact that 
interactions should be 
symmetric in Φ.  

Using Zèe+e- for EM layers 
(absoluate scale) and dijet 
events for hadronic layers. 

Injecting known signal into 
pre-amplifiers and equalize 
readout response. 

Electronics Calibration Inter-Φ Calibration Inter-η Calibration 

More details can be found in W&C seminar “Measurement 
of W boson mass at DØ” by Jan Stark on 2009/3/20  



Jet Energy Scale (I) 
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•  Jet energy scale is determined from photon+jet and 
dijet events at D0.  

•  absolute scale set by the photon energy which 
is well measured by the EM calorimeter. 

•  relative scale determined from transverse 
momentum balance. 

•  The energy of each reconstructed calorimeter jet is 
corrected from the raw energy to the energy of the 
corresponding particle jet: 

•  EO: contribution for pile-up, noise and MPI 
•  Rjet: calorimeter energy response to particle jet 
•  Sjet: energy leaking into/out of the jet cone 

Eptcl =
Eraw !EO

Rjet "Sjet



Jet Energy Scale (II) 
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•  Typical jet energy scale uncertainty is about 2-3%. More on this later.  



Outline 
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}  Introduction 

}  Precision measurement of the top-quark mass 
}  lepton+jets channel 
}  dilepton channel 

}  Top-antitop quark mass difference 

}  Summary and outlook 
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Lepton+Jets Channel 
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•  One e/μ, four jets (two of them are b-quark jets), 
missing transverse momentum pT due to theν; 

•  Reasonable branching ratio: ~30% 
•  Modest background level:  W+jets, multijet 

   Golden channel for the top-quark mass measurement! 

ttbar 
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Event Selection   (I) 
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}  Event pre-selection cuts (minimizing bias on the measured top-quark mass): 
}  single lepton or lepton+jets trigger; 
}  exactly one isolated lepton with pT>20 GeV; 
}  exactly four jets with pT>20GeV, leading one> 40GeV, and |η|<2.5; 
}  missing transverse momentum pT>20 (25) GeV for e (μ)+jets. 
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Event Selection  (II) 
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}  Event pre-selection cuts (minimizing bias on the measured top-quark mass): 
}  single lepton or lepton+jets trigger; 
}  exactly one isolated lepton with pT>20 GeV; 
}  exactly four jets with pT>20GeV, leading one> 40GeV, and |η|<2.5; 
}  missing transverse momentum pT>20 (25) GeV for e (μ)+jets. 

 



Event Selection (III) 
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}  Additional event selection cut: 
}  By requiring at least one jet tagged as a b-quark 

jet, the signal purity can be increased from ~35% 
to ~70%, while losing only 1/4 of signal events. 

DØ 



How to Measure mt - Template Method 
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Build MC templates for a quantity that is sensitive to mt ; 
Compare data to MC templates to extract mt from data.  

DØ MC 

DØ MC 

DØ MC 

DØ MC 

DØ MC 

DØ MC 

DØ MC 

DØ MC 

DØ MC 



Matrix Element Method   (I) 
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}  Matrix element method is based on the calculation of event 
probability densities estimated from differential cross section 
and detector resolutions. 

 
}  Transfer functions encode detector resolutions and provide 

mappings from the parton kinematic y to the measured one x. 
}  Diracδfunction for lepton and jet angular resolution; 
}  Gaussian functions for lepton energy resolution; 
}  Double Gaussian functions for jet energy resolution (see next slides). 

Psig (x;mt )=
1

! obs (mt )
! dq1 dq2f(q1)f(q2 )

(2!)4 M(y,mt )
2

4 (q1 "q2-m1m2

d#6W(y;x)$

Parton 
densities 

LO matrix 
element 

Transfer 
functions 



Jet Energy Transfer Function  (I) 

2011/9/29 Fermilab W&C Seminar, Z. Ye 26 

Jet TFs determined with 
MC and parametrized as 

Wjet (Ex;Ey )=
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Jet Energy Transfer Function (II) 
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Verify that TFs describe well the detector resolutions. 



Matrix Element Method  (II) 
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}  Similarly we write down the probability for background.  And 
the probability to observe an event can be written as:  

   where f is the fraction of the signal events. 

}  ME methods use the full event kinematic information and allow 
signal-like events contribute more to the result, thus usually 
yield better results in terms of precision than template 
methods. 

Pevt x;mt,f( )=f !Psig (x;mt )+ 1-f( ) !Pbkg(x)



Matrix Element Method  (III) 
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minm

Event n Event n-1 Event 3 Event 2 Event 1 

From these we build 
the likelihood function 

 The best estimate of the top mass is then determined 
  by minimizing: 
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And the statistical error can be 
estimated from: 
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Jet Energy Scale (II) 
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•  Typical jet energy scale uncertainty is about 2-3%, which can lead to an 
uncertainty in top-quark mass of as large as 2 GeV.  



In-situ JES Calibration 
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It is possible to calibrate the jet energy scale in-situ by using the two jets 
from the hadronic decayed W and the well-known W mass, and obtain a 

better knowledge on jet energy scale and thus on top quark mass. 

Psig (x;mtop ) =
1

! obs (mtop )
! dq1 dq2f(q1)f(q2 )

(2!)4 M(y,mtop )
2

4 (q1 "q2 #m1m2

d$6W(y;x)%

Psig (x;mtop, kJES) =
1

! obs (mtop )
! dq1 dq2f(q1)f(q2 )

(2!)4 M(y,mtop )
2

4 (q1 "q2 #m1m2

d$6W(y;x, kJES)%

kJES is a global multiplicative factor for jet energy scale.  Uncertainty on kJES 
can be much smaller than 2%, leading to an much reduced uncertainty in the 
measured top-quark mass. 



Correction for MC-Data Difference  (I) 
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Default MC DØ data 



Correction for MC-Data Difference (II) 
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Need MC to well represent the data:  use the 
particle jet matched to a reco-level jet in MC   
to estimate a MC-to-data correction factor 
 
 
 
    
where i sums over all the particles in the particle 
jet, R is the single particle response in data and 
MC (depend on particle type, energy  and η).  
 
Then we apply the above correction factor to 
the reco jet to correct for the MC-data 
difference 

Ejet
corr = Fcorr ! (E jet

raw "EO)

Fcorr =
E

i

true (particle) !Ri
data

i"
Ei
true (particle) !Ri

MC

i" Corrected MC 
(points) compared 
to data (dotted line) 



Correction for MC-Data Difference (II) 
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correction for u, 
d, s, c quark jets 

correction for 
gluon jets 

correction of b 
quark jets 

correction factor 
 
 
statistical 
systematic 



Calibration of the Method  (I) 
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•  In order to estimate and correct for biases on the measured top-
quark mass and uncertainty, we perform MC pseudo-experiments. 
Each pseudo-experiment consists of MC events randomly drawn 
from signal and background MC samples according to the signal 
fraction measured in data. 



Calibration of the Method (II) 
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We perform MC pseudo-
experiments to estimate 
biases on the measured 
masses and uncertainty. 



Lepton+Jets Result  (I) 
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mt (2.6 fb!1)=176.0±1.0(stat)±0.8(JES)±1.0(syst) GeV

Preliminary 



Lepton+Jets Result (II) 
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mt (2.6 fb!1)=176.0±1.0(stat)±0.8(JES)±1.0(syst) GeV

PRD 84, 032004 (2011) 

mt (3.6 fb!1)=174.9±0.8(stat)±0.8(JES)±1.0(syst) GeV
                   =174.9±1.5 (GeV)

with the updated 1.0fb-1 RunIIa result using the BLUE method 

mt (1.0 fb!1)=172.4±1.4(stat)±1.1(JES)±1.0(syst) GeV

we obtain a result corresponding to 3.6 fb-1 of data: 

Combine the new 2.6fb-1 RunIIb result 

relative uncertainty 0.9% 



Systematic Uncertainties   (I) 

2011/9/29 Fermilab W&C Seminar, Z. Ye 39 

Physics modeling:  0.80 GeV 

Detector modeling: 0.57 GeV 

Method: 0.26 GeV 

Total systematic: 1.02 GeV 



Outline 

2011/9/29 Fermilab W&C Seminar, Z. Ye 40 

}  Introduction 
 
}  Precision measurements of the top-quark mass 

}  lepton+jets channel 
}  dilepton channel 

}  Top-antitop quark mass difference 

}  Summary and outlook 



Dilepton Channel 
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•  Two oppositely charged leptons, two b-quark jets, 
missing transverse momentum pT due to the two v’s 

•  Small branching ratio: ~5% 
•  Small background:  Z/γ* + jets 
•  No hadronically decaying W è can’t do in-situ JES 
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Event Selection 

2011/9/29 Fermilab W&C Seminar, Z. Ye 42 

}  Event selection cuts (minimizing bias on the measured top-quark mass): 
}  single lepton triggers for ee orμμ, lepton and l+jets triggers for eμ; 
}  two oppositely charged, isolated leptons with pT>15 GeV, and |η|<1.1 or     

1.5<|η|<2.5 for e (|η|<2 for μ); 
}  at least two jets with pT>20 GeV, and |η|<2.5; 
}  large pT significance(=pT/σ(pT)) for ee and μμ;  pT>40 GeV forμμ;              

HT (=scale sum of all object pT) >115 GeV for eμ. 

pT (GeV) 
HT (GeV) 

eμ eμ 



Calibration of the Method 
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We perform MC pseudo-experiments to estimate biases 
on the measured top-quark mass and uncertainty. 



Dilepton Channel Result 
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mt =174.0±1.8(stat)±2.4(syst) GeV

World’s most precise 
measurement in this channel! 

PRL 107, 082004 (2011) 

relative uncertainty 1.7% 



Top-Quark Mass Combination 
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•  Results are consistent across all channels 
and between two experiments. 

•  The precision reaches 0.6%, dominated 
by the systematic uncertainty. 

•  Achieved with great efforts from both 
experimentalists and theorists. 



Outline 
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}  Introduction 
 
}  Precision measurements of the top-quark mass 

}  lepton+jets channel 
}  dilepton channel 

}  Top-antitop quark mass difference 

}  Summary and outlook 



Top-Antitop Quark Mass Difference 
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}  Because of the very short life time, the top (and antitop) 
quark decays before hadronizing.   

}  This allows direct measurements of top and antitop 
masses and to examine the CPT invariance theorem.  

}  The first result from DØ (1 fb-1) in 2009: 

}  The first result from CDF (5.6 fb-1) in 2010: 

!mt =3.8±3.4(stat)±1.2(syst) GeV PRL 103, 132001 (2009) 

!mt =-3.3±1.4(stat)±1.0(syst) GeV PRL 106, 152001 (2011)  

2σeffect ?! 



Data Analysis 
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Psig (x;Mt,M t )=
1

! obs (Mt,M t )
! dq1 dq2f(q1)f(q2 )

(2!)4 M(y,Mt,M t )
2

4 (q1 "q2-m1m2

d#6W(y;x)$

•  Same data and event selection as the top-quark mass measurement 
in the lepton+jets channel. 

•  Using a matrix element method: 

    independently measured the masses of the top and antitop quarks,   
    also extracted the average top-antitop mass as a cross-check. 
•  We used the lepton charge to tell whether the leptonic decayed W 

was from top or antitop, and measured the top and antitop quark 
masses in both the leptonic as well as (mainly) hadronic channels. 

•  Took into account all possible differences in the detector response 
between particles and antiparticles (lepton charge ID, jet energy 
scale difference between b and bbar or c and cbar quark jet, …). 



Calibration of the Method 
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We perform MC pseudo-
experiments to estimate 
biases on the measured 
mass difference and 
uncertainty. 



Top-Antitop Quark Mass Difference 
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!mt =0.8±1.8(stat)±0.5(syst) GeV

PRD 84, 052005 (2011) 



Summary and Outlook 
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}  The precision of the top-quark mass measurement has 
reached 0.6%, and is dominated by systematic uncertainty. 

}  With 1-2 times more data on tape, we expect that statistical 
and JES-related uncertainties will be significantly reduced.  

}  We are also working hard to improve our understandings of 
systematic effects in order to further improve the precision of 
the measurement:  
}  detectror modeling 
}  ISR/FSR 
}  parton showering 
}  color reconnection 
}  … 



Systematic Uncertainties (II) 
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Physics modeling:  0.80 GeV 

Detector modeling: 0.57 GeV 

Method: 0.26 GeV 

Total systematic: 1.02 GeV 

 
 
 

was about 
1 GeV 

 
 
 



Systematic Uncertainties  (II) 
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Physics modeling:  0.80 GeV 

Detector modeling: 0.57 GeV 

Method: 0.26 GeV 

Total systematic: 1.02 GeV 

CDF 

 
 
 



Summary and Outlook 
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}  The precision of the top-quark mass measurement has 
reached 0.6%, and is dominated by systematic uncertainty. 

}  With ~2 times more data on tape to be analyzed, we expect 
that both the statistical and JES-related uncertainties will be 
significantly reduced.  

}  We are also working hard to improve                                 
our understandings of systematic                                        
effects in order to further improve                                     
the precision of the measurement. 

}  Can the final Tevatron result reach                                        a 
a precision that is close to 0.4%? 

               



Summary and Outlook 
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}  LHC experiments have enter the game of the top-mass 
measurement, currently with a much worse precision than the 
Tevatron.  As there will be a huge size of top-quark sample, the 
statistical uncertainty will become negligible, and it will take a 
lot of efforts to understand all the systematic effects. 

160 165 170 175 180 185
mt [GeV]
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experimental errors 95% CL:

LEP2/Tevatron (today)
Tevatron/LHC
ILC/GigaZ

}  The top-quark mass measurement at 
the LHC may eventually be able to 
reach and become better than the 
Tevatron result, but it will take a new 
energetic lepton collider to push 
dramatically the precision. 

mt(ATLAS)=175.9±0.9(stat)±2.7(syst) GeV 
 mt(CMS)=173.4±1.9(stat)±2.7(syst) GeV 
 

(0.7 fb-1) 

(36 pb-1) 



Top Quark Mass From Cross Section 
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}  Top quark carries color, thus its pole mass         can only be 
defined with ambiguity ~ΛQCD. 

}  Its definition in field theory depend on renormalization 
scheme, often used is      scheme. 

}  Direct measurements use LO or NLO matrix element MC 
generators with parton showering to extract the result. It is 
believed that the mass from such direct measurements is close 
to the top quark pole mass but there is no precise answer yet. 
Theorists are working on this issue.  

 
 

MS

mt
pole

Presented in W&C seminar “Three Tails of Two 
Tops” on 2011/2/11 by Shabnam Jabeen 



Top Quark Mass From Cross Section 
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function of mpole
t and consequently, comparing the ex-266

perimental σtt̄ as a function of mMC
t to these theoretical267

predictions provides a value of mpole
t . The relation be-268

tween mMC
t and mpole

t or mMS
t is still under investigation.269

Arguments have been made that the MC mass should270

be close to the pole mass [5]. Therefore, we (i) extract271

mpole
t assuming that the definition of mMC

t is equivalent272

to mpole
t , and (ii) we take mMC

t equal to mMS
t to esti-273

mate the maximum effect of interpreting mMC
t as any274

other mass definition. The difference between the two275

results is included into the systematic uncertainties.276

For case (i), the mass in the MC simulations equals277

mpole
t , and Fig. 1 shows the parameterization of the mea-278

sured and the predicted tt̄ cross sections [11–13] as a279

function of mpole
t . The results for the determination of280

mpole
t are given in the left column of Table II. All values281

are consistent within 2 sd with the Tevatron average top282

quark mass of mt = 173.3± 1.1 GeV [1].283
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FIG. 1: (Color online) Experimental and theoretical [11–13]
values of σtt̄ as functions of m

pole
t , assuming that mMC

t can be
equated to the pole mass. The colored dashed lines represent
the uncertainties for all three theoretical calculations from the
choice of the PDF and the renormalization and factorization
scales (added quadratically). The point shows the measured
σtt̄ for mMC

t =172.5 GeV, the black curve is the fit to Eq. (1),
and the gray band corresponds to the total experimental un-
certainty.

TABLE II: Values of m
pole
t , with their 68% C.L. uncertainties,

extracted for different predictions of σtt̄. The results assume
that mMC

t corresponds to m
pole
t (left column). The right col-

umn shows the difference ∆ to these results if it is assumed
that mMC

t corresponds to mMS
t . The combined experimental

and theoretical uncertainties are shown.

Theoretical prediction m
pole
t (GeV)

MC mass assumption mMC
t = m

pole
t ∆(mMC

t = mMS
t )

NLO [9] 164.8+5.7
−5.4 −2.8

NLO+NLL [10] 166.5+5.5
−4.8 −2.6

NLO+NNLL [11] 163.0+5.1
−4.6 −3.3

Approximate NNLO [12] 167.5+5.2
−4.7 −2.6

Approximate NNLO [13] 166.7+5.2
−4.5 −2.6

To quantify the maximum impact of alternative inter-284

pretations of mMC
t , we now assume in case (ii) that mMC

t285

is interpreted as mMS
t . However, because the cross sec-286

tion predictions use the pole-mass convention, the value287

mMC
t = mMS

t must be converted to mpole
t using the fol-288

lowing relationship at the two-loop level [19, 20]:289

mpole
t = mMS

t (mMS
t )

[

1 +
4

3

αs(mMS
t )

π
(3)

+ 8.28

(

αs(mMS
t )

π

)2

+ ...
]

+ O(ΛQCD) ,

where αs is the strong coupling in the MS mass scheme,290

and ΛQCD is the scale of the strong interaction. The last291

term in Eq. (3) indicates that the pole mass has an un-292

avoidable ambiguity of order ΛQCD [19]. For a top quark293

pole mass of mpole
t = 173.3 GeV, the respective mass294

mMS
t (mMS

t ) is lower by 9.7 GeV. With this change of the295

mMC
t interpretation in Eq. (1) we form a new likelihood296

fexp(σ|mt) and extract mpole
t using Eq. (2). The differ-297

ence between assuming that mMC
t is equal to mpole

t and298

assuming that mMC
t is equal to mMS

t is given in the right299

column of Table II. This shows that, given the uncertain-300

ties, interpreting the MC mass as either the pole mass or301

as the MS mass has no significant bearing on the value302

of the extracted mass. We include half of this difference303

symmetrically in the systematic uncertainties. As a re-304

sult we extract a top quark pole mass of 163.0+5.4
−4.9 using305

the calculation of [11] and 167.5+5.4
−4.9 using the calculation306

of [12].307

Calculations of the tt̄ cross section [11, 12] have also308

been performed as a function of the MS mass. Compar-309

ing the dependence of the experimental cross section to310

theory as a function of mt provides an estimate of mMS
t .311

We note that a previous extraction of mMS
t [12] ignored312

the mass dependence of the measured σtt̄.313

We extract the value of mMS
t , again, for two cases: (i)314

•  MC is used to estimate the acceptance for the 
cross section measurement.Therefore the 
measured cross section only weakly depends 
on the value of the top quark mass in MC.  

•   A constraint on the top quark pole mass is 
obtained by combining the experimental and 
theoretical inputs. 

•   The result is insensitive to the interpretation 
of the top quark mass in MC. 
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